Diseases involving the medial temporal lobes (MTL) such as Alzheimer's disease and mesial temporal sclerosis pose an ongoing diagnostic challenge because of the difficulty in identifying conclusive imaging features, particularly in pre-clinical states. Abnormal neuronal connectivity may be present in the circuitry of the MTL, but current techniques cannot reliably detect those abnormalities. Diffusion tensor imaging (DTI) has shown promise in defining putative abnormalities in connectivity, but DTI studies of the MTL performed to date have shown neither dramatic nor consistent differences across patient populations. Conventional DTI methodology provides an inadequate depiction of the complex microanatomy present in the medial temporal lobe because of a typically employed low isotropic resolution of 2.0-2.5 mm, a low signal-to-noise ratio (SNR), and echo-planar imaging (EPI) geometric distortions that are exacerbated by the inhomogeneous magnetic environment at the skull base. In this study, we pushed the resolving power of DTI to near-mm isotropic voxel size to achieve a detailed depiction of mesial temporal microstructure at 3 T. High image fidelity and SNR at this resolution are achieved through several mechanisms: (1) acquiring multiple repetitions of the minimum field of view required for hippocampal coverage to boost SNR; (2) utilizing a single-refocused diffusion preparation to enhance SNR further; (3) performing a phase correction to reduce Rician noise; (4) minimizing distortion and maintaining left-right distortion symmetry with axial-plane parallel imaging; and (5) retaining anatomical and quantitative accuracy through the use of motion correction coupled with a higher-order eddy-current correction scheme. We combined this high-resolution methodology with a detailed segmentation of the MTL to identify tracks in all subjects that may represent the major pathways of the MTL, including the perforant pathway. Tractography performed on a subset of the data identified similar tracks, although they were lesser in number. This detailed analysis of MTL substructure may have applications to clinical populations.
Introduction
The intricate circuitry of the medial temporal lobe (MTL) subserves mnemonic function in humans and non-human primates (Aggleton and Brown, 1999) . Pathology of the MTL results in the memory complaints that form the hallmark of Alzheimer's disease (AD) (Giannakopoulos et al., 2009; Gómez-Isla et al., 1997; Mirra et al., 1991; Trojanowski and Lee, 2002) . In particular, neurofibrillary pathology starts at the entorhinal cortex (ERC), the gateway of input and output between the hippocampus and the remainder of the neocortex (Braak and Braak, 1991) . Cell loss in the ERC is marked in AD, particularly at early stages, and tangle-driven neurofibrillary pathology correlates well with memory complaints (Gómez-Isla et al., 1996; Hyman et al., 1984; Van Hoesen et al., 1991) . This cell loss necessarily affects the perforant pathway, the main fiber tract connecting the ERC to the hippocampus proper (Suzuki and Amaral, 1994; Witter et al., 1989) . Evaluation of the perforant pathway with diffusion tensor imaging (DTI) may provide insights into preclinical disease in the elderly, but identification of this tract has been elusive, with relatively few in vivo studies to date that only partially or indirectly image this pathway (Kalus et al., 2006; Yassa et al., 2010) . Epilepsy often is clinically suspected to originate in the MTLs, but traditional methods of structural MRI often fail to identify an abnormality that is later proven surgically. Similar to AD, there have been only a few epilepsy DTI studies that have attempted to address medial temporal microstructure and micropathology (Salmenpera et al., 2006) .
Isotropic high-resolution in vivo DTI studies of the MTL are absent in the literature. High-resolution acquisitions are needed to tease apart the anatomically distinct subregions of the MTL, but almost all in vivo DTI studies are done at 2.0-2.5 mm isotropic resolution, including most studies done in AD and epilepsy (Zeineh et al., 2010) . Of the few studies investigating the perforant pathway, one study utilized highly anisotropic voxel sizes to demonstrate changes in a fractional anisotropy (FA) based metric along the expected course of this pathway with aging (Yassa et al., 2010) . Possibly because tractography algorithms require isotropic voxels to avoid significant bias (Jones and Leemans, 2011) , Yassa et al. performed an anatomically based measurement rather than streamline-based tractography. An ex vivo study at 200 μm resolution of the hippocampus demonstrated stages of the perforant pathway, but required stopping points in tractography, possibly because of crossing-fibers (Augustinack et al., 2010) .
In this study, we attempted to overcome a major obstacle of inadequate resolution and SNR by acquiring images at 1.4 mm isotropic resolution over several repetitions. Note, this is only 34%/17% of the voxel volume compared to a 2.0 mm/2.5 mm isotropic study, respectively, with a similar expected drop in signal-to-noise ratio (SNR). To achieve images with symmetric and minimal distortion, we have imaged in the axial plane using our in-house built generalized autocalibrating partially parallel acquisition (GRAPPA) DTI sequence with a tailored reconstruction (Bammer, 2003; Griswold et al., 2002; Qu et al., 2005; Skare et al., 2007) . While eddy currents are typically addressed with twice-refocused preparations (Reese et al., 2003) , this incurs a significant SNR penalty, which is prohibitive at this resolution. Instead, we performed an image-based higher-order eddy-current correction to align precisely the higher SNR single-refocused acquisition. Our final dataset was sinc-interpolated to 0.7 mm isotropic voxel size.
To identify the tracts present in this high-resolution data set, all of our datasets were processed with deterministic tractography using the traditional (second-order) diffusion tensor model based on Gaussian diffusion because this is the most established and well-tested method in the literature (Basser et al., 1994) . A significant problem in the field of tractography is that tracts are, at best, only synthetic representations of reality. At worst, they are fabrications and do not represent underlying structure. We visually compared tracts from all subjects with their expected trajectories. Additionally, we compared tractography results from subsets of each subject's data, i.e. only part of all the signal averages, to assess the sensitivity to noise as well as reproducibility of results with shorter acquisitions.
Methods

High-resolution diffusion tensor imaging Acquisition
Six right-handed subjects provided written informed consent in accordance with Stanford's Institutional Review Board and Health Insurance Portability and Accountability Act compliance. Each subject was imaged on a GE 750HDx 3.0 T magnet using an 8-channel receive head coil and body transmit (GE Healthcare, Waukesha, WI). A 2nd order high-order shim sequence achieved a uniformity of approximately 20 Hz r.m.s. across the shimmed region of approximately 20 cm in size. Structural sequences included a localizer sequence and a direct coronal T 2 -weighted FSE (TE 102 ms, TR~7500 ms, 2 mm skip 0, FOV 180-200 mm, 384 × 256, flow compensation in the slice direction, ETL 15, bandwidth 64 kHz). In most subjects, a 3D sagittal T 2 -weighted CUBE FSE (320× 320, FOV 240, 1.2 mm thick) and a 3D Ax T 1 -weighted BRAVO SPGR (1 mm isotropic) were also acquired at the end of the exam, as subject tolerance permitted.
The DTI acquisition was prescribed off the coronal T 2 -weighted FSE and utilized the following parameters: axial plane echo-planar imaging (EPI), GRAPPA acceleration of 2 (Skare et al., 2007) , number of signal acquisitions/shots 2, b-value 1500 s/mm 2 , TR 3150 ms, TE 69 ms with a partial k-space acquisition (with 24 overscans, i.e. partial Fourier factor of 68.8%), single-refocused diffusion preparation, 70 diffusion-encoding directions, 10 b = 0 mm/s 2 images, anteriorposterior phase-encode direction, chemical fat saturation, acquisition matrix 128 × 128, reconstruction matrix 256 × 256, 18 cm FOV, slice thickness/gap = 1.4 mm/0 mm, 27 slices, and acquisition resolution of 1.4 mm isotropic. Acquisition time was 8.5 min, and seven repetitions were performed in each subject. GRAPPA estimation and calibration were performed on all 10 b = 0 images within each repetition (Skare et al., 2007) , and the best GRAPPA weight set was applied to all other acquired volumes within each repetition (S.J. . In order to benefit from complex averaging (i.e. reduced Rician noise), each individual DW image (each shot) was phasecorrected with the low-resolution image phase using a triangularwindow (Pipe et al., 2002) , modified for partial Fourier data, before averaging with the next shot. The disadvantage of complex averaging is that incomplete phase correction due to brain motion can result in destructive interferences in the final diffusion data . In this study, a triangular-window radius of 0.5 (percent of maximum k-space radius) was found to be an appropriate trade-off between reduced Rician noise and phase cancellations on complex-averaged diffusion data. The axial plane was utilized so that only single physical gradient coils were used for EPI readout and phase-encoding-this minimized ghosting artifacts due to anisotropic gradient delays (Reeder et al., 1999) . Because the longitudinal extent of the hippocampus is oriented obliquely and the scans were acquired in the axial plane, the hippocampal tail fell outside the imaging field of view in most subjects. The reconstructed data was zero-filled in plane to achieve a voxel size of 0.7× 0.7 ×1.4 mm. The ten b =0 images were averaged into a single b=0 image for each repetition. The final isotropic voxel size of 0.7 mm occurs at the end of data pre-processing (see the 'Diffusion-weighted image pre-processing' section). One subject had a hypointensity representing either an old small calcification or microhemorrhage in the high right frontal lobe. Since this subject had no neurologic complaints and reported that this lesion was known and remote, this data was included in this study.
Diffusion-weighted image pre-processing (Fig. 1 , online Supplementary material Fig. S1 and Table S1 )
Because we acquired the DTI data using a single-refocused diffusion preparation, images had higher SNR compared to twice-refocused preparations. The downside of single-refocusing is that each individual diffusion weighted image (DWI) has significant zero, first, and second-order eddy-current artifacts along the phase-encode (anterior-posterior) direction (Andersson and Skare, 2002; Haselgrove and Moore, 1996; Jezzard et al., 1998; Rohde et al., 2004; Xu, 2011) . Without correction of these eddy-current artifacts, the combination of each DWI (each distorted in different patterns along the phase encode axis) would result in a final FA image that is blurred and inadequate for the determination of hippocampal microstructure. Here we developed and implemented a variant of the Rohde algorithm (Rohde et al., 2004) for correcting eddy currents. Our method uses slice-wise eddy-current correction to the 2nd order followed by 3-D motion correction. To preserve the ability to rotate the b-matrix, the repetitions were not averaged together. An example of axial and sagittal plane cine loops from one subject, before and after the correction procedure, is shown in Movie #1.
Each repetition (R) consisted of a single b = 0 mm/s 2 image and 70 (D) directional diffusion-weighted images (annotated as DWI R,D ). For the purposes of the steps below, an isotropic diffusion weighted image (isoDWI R ) refers to the average of all 70 DWIs within one repetition:
and the means of the individual DWIs across repetitions were computed as:
while isoDWIs computed on mean DWIs were calculated as:
isoDWI ¼ 1 70
The 5 steps in eddy-current and motion correction are as follows:
A) Eddy-current correction (Figs. 1 and S1, ), see Table S1 ) (Rohde et al., 2004) . Because an in-slice correction is used, two of the interaction terms (XZ and YZ) and the 2Z 2 term can be ignored because they reduce to linear terms in-slice (X, Y, and Z, respectively, see Table S1 ). This leaves the linear terms, the XY interaction term, and the X 2 − Y 2 and X 2 +Y 2 terms. It is a straightforward linear conversion of the X 2 − Y 2 and X 2 +Y 2 into the simpler X 2 and Y 2 terms (addition and subtraction, respectively), yielding six transformation parameters for each slice (Fig. S1) . A (Jacobian) brightness correction was employed to ensure that expanded voxels were darker than compressed voxels and vice-versa (Rohde et al., 2004) . Most eddycurrent correction methods use the b = 0 image as a reference to which all DW images are aligned via mutual information registration. With the isoDWI used instead as a reference, a leastsquares minimization was applicable since it has similar contrast to each DW image-an approach that is less complex and may be more suited to aligning low SNR DW images. a. Iteration 1: For each slice, a modified version of the intercorrelation coefficient (ICC) algorithm offered an initial estimate of the X, Y, Z, and XY components (C 0 -C 3 ) (Haselgrove and Moore, 1996) . The algorithm, as published, measures the ICC between each phase-encode column of the source DWI image scaled at different magnifications and the same phase-encode column from the target b = 0 image. The maximum of this matrix corresponds to the best shift and magnification for each phase encode column. Regressing the best shift across the phase-encode columns provides an estimate of the Z-component (shift−C 0 ) and X-component (shear−C 1 ) as the intercept and slope of the regression, respectively. Similarly, the mean of the magnification across phase-encode columns approximates the Y-component (magnification−C 2 ).
We made two modifications to this procedure: (1) the target is the isoDWI rather than the b = 0 image, as it has similar contrast to the individual DWIs. (2) Rather than taking the mean of the magnification across the phase-encode columns, the magnification is regressed across phase encode columns. The intercept and slope correspond to the Y-component (magnification − C 2 ) and XY-component (trapezoidal distortion − C 3 ), respectively. These eddy-current components were estimated and images resliced with sinc interpolation using MATLAB (version 7.11.0; Mathworks, Natick, MA, USA). b. Iteration 2: After the first iteration, a slightly sharper version of the original isoDWI is created. The sum of squares of the difference between the transformed image and the new isoDWI across all six parameters was minimized using the fminsearch function in MATLAB, which uses a Nelder-Mead simplex algorithm. This data processing took approximately 72 h per subject on a 12-core power Macintosh (Apple, Cupertino, CA). As a final product of this step, one sinc-interpolation was performed on the raw reconstructed data.
B) Motion correction across repetitions: The relatively low-SNR DWIs were median filtered with a 5 × 5 × 5 pixel kernel using fslmaths solely for calculation of alignment parameters to reduce the effect of noise on registration (Smith et al., 2004; Woolrich et al., 2009 ). The b = 0 images and each median filtered DWI from the 2nd-7th repetitions were aligned to the corresponding image from the first acquisition using FSL's flirt (Jenkinson et al., 2002) . We assumed that no motion occurs within a single DW volume acquisition (e.g. after a subset of slices had been acquired within a TR period); otherwise the volume would be corrupted. C) Motion correction across diffusion directions: The aligned 1st-7th repetitions were averaged across repetitions to make a composite series of DWIs using Eq. (2) and a composite b ¼ 0 image using fslmaths. A composite isoDWI was created by averaging across DWIs according to Eq. (3). Each DWI was then aligned using flirt to the isoDWI. D) Motion correction to b = 0 image: A final composite isoDWI was again created by averaging this last set of aligned images.
This isoDWI was aligned to the composite b ¼ 0 image using a correlation ratio cost function (the recommended intermodel function in FSL) and an affine transformation to compensate for any net eddy-current distortion in the isoDWI and any relative motion between the isoDWI and b ¼ 0 image. E) Final reslice: Alignments B-D were combined to a truncated sinc-interpolation with a Hanning window of 14 pixels using flirt and interpolating along the z-axis for 0.7 mm isotropic reconstructed voxel size. As a final product of steps B-E, one additional sinc-interpolation was performed. Repetition R b=0/DWIs to b=0 Fig. 1 . Diffusion-weighted imaging pre-processing pipeline. See the 'Diffusion-weighted image pre-processing' section.
From the data originally reconstructed on the scanner, this combined eddy-current and motion compensation results in only two sinc-interpolation/resampling steps total (one for eddy-current correction step A, and one for motion correction steps B-D).
A mask was synthesized using FSL's brain extraction tool (BET) to zero-out the scalp and skull base (Smith, 2002) . Additionally, any voxels that were zero for any diffusion-weighted component image in any repetition were included in the mask to ensure each voxel contained a full complement of data points. The rotation parameters were used to adjust the b-matrix for each repetition (Leemans and Jones, 2009 ). Thus, the repetitions were not averaged together.
One subject was uncomfortable after four repetitions of the diffusion sequence and needed repositioning. Because of differences in highorder shimming, the last three repetitions on this subject were not well aligned with the first four. Thus, the first four and last three repetitions were processed separately with steps A-C, and the last three repetitions were then aligned to the first four repetitions via an additional affine transformation of the respective isoDWIs as part of step D. Transformations were combined; therefore, no additional interpolation steps were required. An example of this subject's raw data sets and fully preprocessed data are also included in Movie 2.
Images of the SNR was estimated using fslmaths and fslstats by measuring the mean signal and standard deviation over each pixel across the 10 serial b = 0 images in each subject (Dietrich et al., 2007; Smith et al., 2004; Woolrich et al., 2009 ). The mean SNR was reported over all of the segmented MTL regions.
Diffusion tensor processing
With the software package Camino (Cook et al., 2006) , images were processed with a 2nd order diffusion tensor model and nonlinear least squares tensor calculation (inversion model 2) to deliver images of fractional anisotropy (Alexander and Barker, 2005; Jones and Basser, 2004) . Maps of tensor ellipsoids and fiber orientation were also generated using Camino's sfplot and fslview, respectively (Fig. 4 ).
Subregional analysis (Figs. 2 and 3)
The coregistered b = 0 images, isoDWI, fractional anisotropy (FA), and mean diffusivity (MD) maps were visualized using ITK-SNAP (www.itksnap.org) (Yushkevich et al., 2006) , which allows easy switching between imaging volumes. The coronal T 2 -weighted FSE, 3D T 2 -weighted FSE, and 3D T 1 -weighted BRAVO SPGR were viewed in an adjacent window using OsiriX (http://www.osirix-viewer.com/ index.html) for a high-resolution reference. Segmentation of hippocampal subregions was performed manually according to anatomic atlases (Duvernoy, 2005; Insausti and Amaral, 2004; Yushkevich et al., 2009) . Several approximations were made because of limitations in resolution and volume coverage. In keeping with the resolution of acquisition, all layers were a minimum of 2 pixels/1.4 mm in thickness except where specified. Of note, the anatomy was best seen on the isotropic DWI (even better than on structural images), likely because diffusion weighting decreases the signal in white matter pathways and CSF, enhancing the overall contrast.
Full segmentation procedure
Three important anterior-posterior (A-P) landmarks were assessed in each hemisphere to assist in segmentation:
(A) The posterior boundary of the hippocampal head, best seen in the coronal plane, approximately marks the most posterior boundary of the entorhinal cortex (just posterior to Fig. 3 coronal slab 4). (B) The A-P location of the vertically oriented dark band of signal in the midhippocampal head, here termed the vertical sheet of SRLMHS (stratum radiatum lacunosum moleculare and hippocampal sulcus), is best seen in the sagittal plane ( Fig. 3 sagittal section, at the A-P level of label #3). Segmentation of this region was necessary to separating CA 1 anteriorly (slab 2) from CA3DG superiorly (slab 3) and posteriorly (slab 4), which is important for hippocampal head tractography. This procedure and the relevant anatomy are described in greater detail below. (C) The A-P location where the posterior hippocampus begins bending medially, as seen in the coronal plane, marked the beginning of the hippocampal tail.
Much of the hippocampal tail and small portions of the posteriormost hippocampal body were not always included in the 27-slice volume depending on brain size and orientation. To control for variable amounts of hippocampal tail present, all segmentations were cut off at the posterior terminus of the hippocampal body.
The following regions of interest were segmented:
1) SRLMHS/HS (purple): stratum radiatum lacunosum moleculare and hippocampal sulcus. This thin strip of dark signal seen in the central hippocampus likely represents myelinated axons (Benes, 1989) as well as cell layers from hippocampal field CA 1 (stratum radiatum, lacunosum, and moleculare) (Kerchner et al., 2010) . Intermixed in this area are the remnants of the CSF-containing hippocampal sulcus. Additionally, partial voluming may occur with the molecular layer of the adjacent dentate gyrus, but for the sake of simplicity this is not considered further. The full anatomy of this strip is best depicted in cross-sectional atlases (http:// www.nitrc.org/projects/pennhippoatlas) in the coronal and sagittal plane (Duvernoy, 2005; Yushkevich et al., 2009 ). In the hippocampal body and posterior hippocampal head, as seen in the coronal plane, this strip lies inferiorly and laterally to the central hippocampus ( Fig. 3 slabs 4-6). In the mid-hippocampal head, as seen in the sagittal plane, this strip wraps around anteriorly and subtends at an approximately 40-60°angle to the long axis of the hippocampus (Fig. 3 , sagittal section). Given that the typical long axis of the hippocampus subtends about 20-40°with respect to the horizontal axis in an in vivo experiment, this strip will be nearly 90°(i.e. vertical) with respect to the horizontal axis, hence we term it the vertical sheet of SRLMHS. At our imaging resolution, segmentation of this vertical strip is an approximation: undulations in this strip are present (http://www.nitrc.org/projects/ pennhippoatlas), the exact orientation of this strip varies by several degrees across the hippocampal head, and the superior part of the strip angulates posteriorly. All of these details are beyond the resolution of this study. Nevertheless, segmentation of this subregion, clearly evident in the sagittal image in Fig. 3 , enables separation of the CA fields to allow for full hippocampal pathway analysis. Attention was paid slice-to-slice and in different orientations to ensure this region constituted a smooth, contiguous plane. a. For the hippocampal body and most of the hippocampal head, the coronal plane provided the best visualization. The SRLMHS extended medially to the opening of the hippocampal sulcus and laterally to the upper/outer corner of the hippocampus. b. The vertical sheet of SRLMHS was best visible in the sagittal plane, and this helped colocalize in the coronal plane ( Fig. 3 sagittal section and coronal slab 3). Generally this was visualized laterally, but it was sometimes difficult to visualize medially; in these cases, we approximated that the vertical sheet simply continued medially in the same coronal plane for the full width of the hippocampal head. c. In the hippocampal head posterior to the vertical sheet of SRLMHS, the SRLMHS laterally overlies CA 1 and presumably contains CA 1 cellular layers (e.g. SRLM), but medially it overlies the subiculum and underlies CA3DG and does not contain CA 1 cellular layers (slab 4). Therefore, this medial portion lacked SRLM and was labeled as a HS (hippocampal sulcus). In the hippocampal head anterior to the vertical SRLMHS sheet, this sub-classification was not necessary because the entire SRLMHS borders CA 1 superiorly and contains CA 1 cellular layers SRLM (slab 2). This distinction is important because the SRLMHS will be a seed and target for tractography while the HS will not. 2) CA3DG (white): While cornu ammonis (CA) 3 and the dentate gyrus (DG) are separable with ex vivo imaging (Shepherd et al., 2007) , they are not separable in vivo. Similarly, while others have segmented CA 2 as a separate subfield (Yushkevich et al., 2010) , this is difficult to separate reliably with diffusion imaging, so CA 2 was incorporated into CA3DG. a. In the hippocampal body, this was identified as all central hippocampal parenchyma. The lateral border included the hippocampal parenchyma extending directly superiorly from the SRLMHS in the coronal plane up to the superior boundary of the hippocampus as seen on the isoDWI. However, this subregion did not include the fornix or alveus as seen on the FA map. b. In the hippocampal head, CA3DG was segmented posterior to the vertical sheet of SRLMHS, along the superior aspect of the SRLMHS, and including any of the gyrus uncinatus (the most medial posterior gyral component of the hippocampal head). 3) CA 1 (dark brown):
a. In the hippocampal body, this subregion was identified as a gray matter strip just lateral to CA3DG, sweeping in a curvilinear fashion inferiorly, with its medial border just inferior to the most medial extent of the SRLMHS (Fig. 3 slabs 5 and 6 ).
b. In the posterior hippocampal head, posterior to and including the slice of the vertical sheet of the SRLMHS, the same border with CA3DG held laterally/superiorly, while the medial border of the inferior strip of tissue was at the same left-right location as the horizontal midportion of the hippocampal head ( Fig. 3 slabs 3 and 4). c. Anterior to the vertical SRLMHS sheet, the entirety of the hippocampal head was segmented as CA 1, including the first two slices of the gyrus uncinatus bordering the vertical sheet of the SRLMHS, with the exception of regions labeled as subiculum ( Fig. 3 slab 2 ).
4) Subiculum (subic, orange):
a. At the hippocampal body, this thin strip of tissue had a lateral border of CA 1. Its medial border was the most medial aspect of the parahippocampal gyrus, drawing an imaginary horizontal line medially from the midportion of the gyrus (Fig. 3 slabs 5 and 6). b. In the hippocampal head posterior to the SRLMHS vertical sheet, the lateral border was identified as underlying the middle of the hippocampal head, adjoining the medial border of CA 1. This lateral boundary was maintained at the same left-right position throughout the entire hippocampal head. The medial border was at the medial upper corner of the parahippocampal gyrus throughout the entire hippocampal head (Fig. 3 slabs 2-4) . (1) parahippocampal cingulum bundle, which runs almost exclusively through-plane, (2) perforant (internal) and alvear (external) pathways, (3) CA 3 and subicular projections to the fornix, (4) Schaffer collaterals from CA 3 to CA 1, (5) CA 1 to subiculum, (6) subiculum to entorhinal cortex, and (7) entorhinal to perirhinal/parahippocampal cortex.
c. The gyrus uncinatus was labeled as subiculum from its superior border at the amygdalohippocampal area down inferiorly to the hippocampal sulcus, approximately two slices anterior to the vertical SRLMHS sheet ( Fig. 3 slab 2 superomedially) . d. In the most anterior hippocampal head, where hippocampal digitations are not appreciable and where the SRLMS is no longer identified, all of the anterior hippocampus is subiculum ( Fig. 3 slab 1) . This portion was segmented in contiguity with the anterior-most gyrus uncinatus. e. Due to resolution constraints, the presubiculum and parasubiculum were not segmented separately. 5) Entorhinal (ERC, red):
a. The most posterior boundary of the hippocampal head was considered the most posterior aspect of the ERC (just posterior to Fig. 3 coronal slab 4). The anterior border was estimated 2 mm (approximately 3 slices) posterior to the limen insula. b. Throughout the hippocampal head, the ERC was defined as the cortex extending from the medial subicular border down to the fundus of the collateral sulcus. Anterior to the hippocampus at the level of the amygdala, the ERC began at the sulcus semiannularis superiorly (best seen on the coronal T2 FSE images) and extended inferiorly to the fundus of the collateral sulcus. The gyrus ambiens and intrarhinal sulcus were considered part of the ERC. c. The lateral boundary was shifted according to the depth of the collateral sulcus (Insausti et al., 1998) . If the collateral sulcus was interrupted when panning through coronal slices, this lateral entorhinal border was kept at a similar position compared to slices where the collateral sulcus was present. If two collateral sulci were present, the more medial sulcus was used. 6) Perirhinal (PRC, dark blue):
a. This was defined as all cortex lining the collateral sulcus on the same slices that ERC is present, just lateral to the entorhinal cortex (i.e. only anteriorly at the level of the hippocampal head, Fig. 3 slabs 1-4) . b. A very thin strip of perirhinal cortex does extend posterior to the entorhinal cortex (Insausti et al., 1998) , but this was judged as too difficult to segment accurately. c. PRC was defined as extending six sections anterior to the anterior ERC border (4.2 mm). At the level of the limen insula, the dorsomedial border was the most medial point of the parahippocampal gyrus. More anteriorly, the dorsomedial border was the fundus of the temporopolar sulcus. If the collateral sulcus was present, its lateral border formed the ventrolateral border of the PRC. If it was interrupted, the location of an adjacent slice containing the collateral sulcus was used. 7) Parahippocampal cortex (PHC, yellow):
a. All of the cortex along the medial bank of the collateral sulcus and extending adjacent to the subiculum, posterior to the PRC, extending posterior to the level of the posterior-most hippocampal body (Fig. 3 slabs 5 and 6). 8) Cingulum (bright green):
a. Single slices designating the anterior and posterior parahippocampal gyral white matter were selected and all of the parahippocampal gyral white matter was segmented. The lateral boundary chosen was an imaginary line between the fundus of the collateral sulcus and the infero-lateral corner of CA 1. If the collateral sulcus was interrupted and not present on the selected slice, it was estimated as being at a similar position on the closest available slice. The two locations in the coronal plane were: i. Anteriorly at the level of the vertical SRLMHS sheet (Fig. 3  slab 3 ). ii. Posteriorly at the level of the posterior-most hippocampal body. 9) Alveus and fornix (dark green): both of these are best seen on the FA maps and T2-FSE images. Because there is partial voluming with adjacent white matter superiorly, we ensured that these subregions did not extend above the level of the temporal horn as seen on the isoDWI sequence. a. The posterior fornix was segmented at the posterior-most two coronal slices where it was completely visualized (its more posterior portion was sometimes cut off more superiorly). The medial forniceal border extended to but not beyond the medial border of CA3DG. Partially visualized portions remaining posteriorly were included in the posterior fornix. b. The alveus is a very thin strip of white matter on the top of the hippocampus that feeds into the fimbria of the fornix, faintly seen on the T2 FSE images and more clearly seen on the FA maps. The alveus and fimbria of the fornix were labeled as a combined region called the alveus, and segmented together throughout the entire extent of the CA 3 field as well as overlying the hippocampal head. This was brought in contiguity with the superior aspect of CA 1 and CA 3. Because of partial voluming with other subregions, on some slices this layer was 1-pixel thick or not visible.
The entire segmentation procedure takes approximately 10 h per subject. A similar method of segmentation (Zeineh et al., 2003) resulted in a high intra-rater reliability (Burggren et al., 2008) . In our subject pool, most of the anterior mesial temporal structures were imaged in their entirety with the exception of inferior portions of the ERC and PRC in some subjects. For these anterior structures, in regions where the ERC and PRC were simply one slice below the cutoff as visualized on the b = 0 image from the first repetition, the ERC and PRC were approximated as the adjacent subcortical white matter. If these cortical regions were more than one slice below the cutoff, they were not segmented.
Subregion statistics (Table 1) Median FA, and median MD were computed within each segmented subregion using fslstats. Subregion SRLMHS was combined with CA3DG because SRLMHS was considered to be too small to reliably analyze on its own. Similarly, the fornix was combined with the alveus. The median was used rather than the mean to compensate for partial voluming with the adjacent CSF spaces and parahippocampal gyral white matter, which both have significantly different FA and MD than gray matter, as a very rough way of approximating mid-cortical measurements. Subregional volumes were not analyzed because EPI images with distortion and inferior resolution (compared to SPGR T1 images) are not suitable for cortical volume calculations. With each ROI in each subject constituting a separate observation, left and right sides were compared using a paired t-test for all observations (n=6 subjects × 7 ROIs = 42) using the t-test function in Excel (Microsoft Corp., Redmond, WA, USA). For individual ROIs, a paired t-test was also performed (n= 6). P-values were not corrected for multiple comparisons. Our goal was to find the optimal tractography parameters that demonstrated tracts of interest in the native raw data, but which reduced tracks (and thus reduced false positives) in the presence of noisier data. Thus, we compared tractography on the seven-repetition dataset with just processing the noisier first repetition on its own. We performed bidirectional streamline tractography with Camino using the default Euler method (Basser et al., 2000) and tensor interpolation at a step size of 0.07 mm (1/10th of the voxel size) between the ERC and fields CA3DG and CA 1/SRLMHS (pathway #2 below) while varying the:
• Minimum track length, which discards tracks shorter than a certain length 10 and 20 mm (we did not include 0 mm, the default in Camino, because it would result in too many false positives given that many of the ROIs are adjacent to one another).
• Curvature threshold, which stops tractography if the tract curvature exceeds the angular threshold 20-90°in increments of 10 (the default in Camino is 80°) • FA threshold, which stops tractography if the current voxel has a lower FA than the threshold 0.02, 0.05, and 0.1 (the default in Camino is 0)
Tractography-application Connectivity of the medial temporal lobe has largely been established through animal tracing studies, and the pathways below depict the major connections (Insausti and Amaral, 2004) . We searched for the Table 1 Subregion analysis: median fractional anisotropy and median mean diffusivity, averaged across subjects (mean± SD). following tracks bidirectionally (i.e., each region served as both a seed and a target, and fibers were summed):
(1) Cingulum: (Fig. 2(1) -orange, through plane). This bundle of white matter progresses antero-posteriorly throughout the parahippocampal gyrus containing numerous white matter tracks-in particular the cingulum bundle which contains fibers from the cingulate gyrus and frontal lobe (see Fig. 6 -1 from GoldmanRakic et al., 1984 and Pandya, 1984) . Although we did not image the cingulate gyrus or the frontal lobe for this study, given the importance of this pathway and preponderance of these fibers in the parahippocampal gyrus, we have included it in our analysis. a. Seeded/targeted the anterior cingulum. b. Seeded/targeted the posterior cingulum. (2) Perforant: (Fig. 2(2)-yellow) . The perforant (internal) and alvear (external) pathways project from the ERC to the hippocampus. Entorhinal neurons would be expected to penetrate the subiculum en route to the dentate gyrus and hippocampal CA fields (perforant) or extend along the infero-lateral surface of the hippocampus to synapse on the CA fields (alvear path) (see Fig. 8 from Hevner and Kinney, 1996 and Mufson et al., 1990 ). a. Seeded/targeted the ERC. b. Seeded/targeted fields CA3DG, CA 1, and SRLMHS. i. These fibers can cross or terminate in the SRLMHS. (3) Fornix: (Fig. 2(3)-dark blue) . This track largely originates in CA 3 and the subiculum, and extends in the alveus and fimbria of the fornix to the fornix (Fig. 12.4 from Nieuwenhuys et al., 2008) . The cruz (posterior pillar) of the fornix was not within the field of view of this experiment. a. Seeded/targeted CA3DG and the subiculum, the major sources of input to the pre-commissural and postcommissural fornix, respectively Cowan, 1975, 1977) . b. Seeded/targeted the posterior fornix.
(4) Schaffer collaterals: CA3DG to CA 1/SRLMHS (Fig. 2(4)-pink) .
CA 3 neurons send output to the fornix and have collateral processes that extend along both the inner and outer surface of CA 1 to synapse on stratum radiatum, stratum oriens, and the pyramidal cell layer of CA 1. This would include potential endfolial fibers (Lim et al., 1997b) . While some projections go via an inferior approach to the basal dendrites of CA 1 in the stratum oriens, others go via a superior approach to the stratum radiatum of CA 1 (Swanson et al., 1978) , so SRLMHS was included as a target region (see Fig. 12 .8 from Nieuwenhuys et al., 2008) . a. Seeded/targeted CA3DG. b. Seeded/targeted CA 1 and the SRLMHS. (5) CA 1 to subiculum (Fig. 2(5)-green) . The output from CA 1 extends inferiorly and curves towards the subiculum (Amaral et al., 1991; O'Mara, 2005) , so SRLMS was not included as a seed/target. a. Seeded/targeted CA 1. b. Seeded/targeted the subiculum. (6) Subiculum to ERC (Fig. 2(6)-purple) . This primary output of the subicular complex (including the presubiculum and parasubiculum) is a direct connection to the entorhinal cortex to complete the hippocampal circuit loop (Köhler, 1984) . While the subiculum has widespread connections throughout the brain (Rosene and Van Hoesen, 1977) , these are beyond the scope of this work because of the limited field of view in this study. a. Seeded/targeted the subiculum. b. Seeded/targeted the ERC. (7) ERC to perirhinal/parahippocampal cortices ( Fig. 2(7) -light blue). The ERC has both direct projections to and from these adjacent cortical areas (Suzuki and Amaral, 1994; Van Hoesen and Pandya, 1975) a. Seeded/targeted the ERC. b. Seeded/targeted the combined PRC/PHC.
The Camino function track generates streamlines starting at a seed point using the Euler method (Basser et al., 2000) . We chose tensor Table 3 Tractography: fiber counting across medial temporal pathways. 1) Mean ± standard deviation of the number of fibers across subjects, 2) range (minimum and maximum) of the number of fibers, and 3) mean ± standard deviation of the ratio of the number of left-sided to the number of right-sided fibers. Table 4 Tractography: fractional anisotropy and mean diffusivity measured across fiber tracks (mean ± SD). No statistically significant differences were identified when comparing individual tracks between hemispheres. interpolation at a step size of 0.07 mm, and tracks were stopped if the curvature surpassed a conservative threshold of 40°or the FA dropped below a threshold of 0.05 as (both thresholds per the results of the parameter optimization). The Camino function procstreamlines then allows for truncation or removal of streamlines. Streamlines were truncated when they entered a target region. However, streamlines were not truncated within the seed region (this is the default behavior of the program). While this does result in streamlines traversing the seed ROIs, it is appropriate to keep the seeding voxel to depict the origin of the generated streamline. After truncation, streamlines were kept only if they connected the seed and target regions of interest and met the minimum tract length criteria of 10 mm (this threshold was again chosen from the parameter optimization).
Total fiber counts as well as their mean and standard deviation were tabulated separately for each hemisphere as well as the ratio of left to right sided fibers (Table 3) . The left and right sides were compared with a two-sided paired t-test. To normalize for differences in the number of fibers in the pathways, we also compared the leftto-right ratio also using a t-test, with the null hypothesis of a ratio of 1:1.
The FA, mean diffusivity (MD), and tract length were averaged along the path of each track in each subject using Camino's tractstats function (Table 4) , and compared between the left and right sides with a paired t-test.
Meshes from the segmentation were created using ITK-SNAP, and fiber tracks were superimposed on these meshes and the isoDWI using Paraview (www.paraview.org) with a line width of 2 to generate tractography figures. All images are depicted in radiologic format.
Analysis of data subsets
To see if the above results can be replicated with shorter imaging acquisitions, one to six subsets of the repetitions were analyzed. More specifically, subset 1 denoted the 1st repetition, subset 2 denoted the 1st through 2nd repetitions, and subset N denoted the 1st through N th repetitions. Additionally, we analyzed the last three subsets to compare to the first three subsets.
• Subregional FA and MD were computed for each subset in the same manner as for the 7-repetition dataset.
• Fiber counts (Table 5) and tract based FA, MD, and length were similarly calculated and analyzed for each subset.
• To further analyze the tracts of the subsets, we computed the Dice coefficient (Dauguet et al., 2007) between each subset and the seven repetition dataset (Table 6 ). The Dice coefficient was calculated by first converting each set of tracks to a volumetric image at a voxel size of 0.7 mm isotropic. This step binned the tracks into the nearest voxel using the procstreamlines function with the output_acm option. We call this image R S , with S denoting the subset. The coefficient was then calculated using the following formula (Dice, 1945 ) using fslmaths and fslstats:
Results
High-resolution diffusion tensor imaging (Figs. 3 and 4)
The mean SNR across subjects on the b=0 images was 10.96±1.26. The expected SNR across the seven repetitions would be approximately 28.98 (this was not directly calculated because the repetitions were not averaged to preserve the ability to correct the b-matrix for motion; instead we multiplied by the square root of seven). The image processing methods fully corrected for eddy current-induced image warping and subject bulk motion (Movies #1 and #2). Diffusion tensor processing produced detailed maps of hippocampal and adjacent cortical microstructure: the images of fractional anisotropy display not only cortical FA within the 6-layer entorhinal cortex but also intrahippocampal FA within the 3-layer hippocampal allocortex (Figs. 3 and 4) . Superimposing the principal directions demonstrates the orientation of the cingulum Table 6 Dice coefficients from tractography of acquisition subsets (L/R), comparing the noted subset with the full 7-repetition dataset. The last row compares the first 3 to the last 3 repetitions. bundle within the parahippocampal gyrus, intra-hippocampal orientation, and the suggestion of perforant path fibers directed towards the hippocampus (Fig. 4) .
Cingulum
Subregional analysis (Table 1) Comparing the left and right side across all MTL subregions and subjects (n = 6 subjects × 7 subregions = 42), FA was higher on the left side and MD was lower on the left side (p-values of 0.026 and 0.001, respectively). Examining each subregion separately, FA was higher in the left ERC (p=0.014) while MD was lower in the left alveus/fornix (p= 0.006).
Tractography
Parameter validation (Table 2, Fig. 5) We quantified tractography from ERC to CA3DG, CA 1, SRLMHS (pathway #2) with the goal of optimizing the number of presumed real fibers obtained from the full set of data (seven repetitions of the diffusion acquisition scheme) while still demonstrating noise sensitivity (fewer fibers on the one repetition data set). We evaluated tracts while varying the FA threshold, curvature threshold, and minimum tract length and found that:
• Data were sensitive to noise at FA thresholds of 0.02 (under all curvature criteria), 0.05 (with a curvature criteria of 60°or less), and 0.1 (curvature 30°or less). An explanation for this finding is that the intrahippocampal FA can dip below 0.1, causing tractography to miss perforant path fibers with a higher FA threshold, increasing presumed false negatives. Conversely, while more fibers are present with a FA threshold of 0.02, the top row of Fig. 5 demonstrates a spurious fiber on both sides crossing the tentorium (white arrows), clearly a false positive crossing into the CSF. Consequently, a threshold of FA of 0.05 was a reasonable trade-off between more fibers and fewer false positives.
• The lower the curvature, the greater the noise sensitivity, at a cost of fewer fibers overall. A threshold of 40°also seemed to be a reasonable balance between noise and number of fibers.
• Finally, with regard to minimum track length, more tracks were present at the minimum track length of 10 mm, which is preferable for some of the relatively short pathways between neighboring structures. As an example, the middle row of Fig. 5 shows a small, presumed left perforant path tract identified only on the shorter threshold (blue arrows).
These thresholds are more conservative than those established by specimen tractography (Dauguet et al., 2007; Dyrby et al., 2007) Tractography-application (Figs. 6-1-6-7, Movies #3-1 to #3-7, Tables 3  and 4) 1. Cingulum: The cingulum bundle extended in a symmetric fashion throughout both parahippocampal gyri. Some of the termini of the tracks appear slightly outside the boundaries of the seed/target ROIs, but this is secondary to approximations made in the 3-D rendering of the ROIs. 2. Perforant: Several fiber bundles were present between the ERC with CA3DG, CA 1, and SRLMHS bilaterally in all subjects, with the greatest concentration near the hippocampal head, which may represent the angular bundle. Many fibers followed the alvear path extending around the hippocampal body and head, while some project through the subiculum (light brown, not a target or seed in this pathway) en route to the hippocampus. While medial entorhinal fibers connected to both the anterior and posterior hippocampus, the few lateral entorhinal fibers largely connected to the posterior hippocampal body (subjects 2, 4 and 6 bilaterally). 3. Fornix: Fibers between the fornix and CA 3/subiculum took the expected route circumferentially around the hippocampus, coursing in the alveus, which lies immediately superior to CA 3. The majority of fibers involved the hippocampal head and subiculum. Some fibers arced outward from the hippocampal head (subject 6 on the right), possibly a false positive. 4. Schaffer collaterals: Many fibers take the expected path along the outer surface of CA 3 and CA 1 (within the alveus), while fewer course along the inner surface (behind CA 1 in brown). Most, but not all, of the fibers are closely adherent to the hippocampus as expected. 5. CA 1 to subiculum: Many fibers took the expected course along the undersurface of CA 1 and the subiculum. Some took a direct path within a similar coronal section, whereas other fibers connected more disparate parts of the two fields. Again, some fibers were not as close to the hippocampal head or body as expected. 6. Subiculum to ERC: Connections were seen between the ERC and the anterior as well as posterior subiculum. Because perforant pathway fibers are expected to cross the subiculum en route to the hippocampal CA fields, there is necessarily some overlap between ERC-subicular tracts and perforant pathway tracts. Nevertheless, many ERC-subicular tracts are unique and not apparent in pathway #2 above. 7. ERC to perirhinal/parahippocampal cortices: Subcortical U-fibers constitute the tracts between the ERC and PRC, while longerrange fibers extend between the ERC and PHC.
A paired comparison of the overall numbers of tracts on the left and right sides across all pathways was not significant (p = 0.62). However, the ratio of left to right sided tract counts across all pathways in all subjects was slightly higher on the left side (ratio of 1.27 ± 0.87, p = 0.05, n = 7 pathways times 6 subjects = 42). No individual pathway showed significant lateralization as measured by this ratio.
Tract-based measurements of FA, MD, and tract length (Table 4 ) across all pathways and subjects demonstrated no left-right symmetry for FA (p = 0.083), a lower MD on the left (p = 0.042), and longer tracts (p = 0.019) on the left side. Examining individual pathways across subjects demonstrated no significant left-right differences.
Analysis of data subsets
• Higher FA and lower MD across the full set of subregions as well as higher ERC FA and lower forniceal MD remained significant (p b 0.05) for all of the data subsets.
• The major pathways were intact with fewer repetitions of the diffusion scheme, albeit with lower track counts ( Table 5 ). The asymmetric ratio of left-sided to right-sided fiber counts did not reach significance with the data subsets, though for some of the subsets the ratio did approach significance. Directly comparing total tract counts from the 1st-6th subsets with the superset of the 7-repetition data set showed that all other subsets were significantly different (pb 0.04 for all other subsets). Comparing all pathways from the first 3-repetition subset with the last 3-repetition subset revealed very similar fiber counts from independent diffusion-weighted data sets (n= 84, p =0.486).
• Tract-based FA was significantly higher on the left for data subsets 6, 5, 4, 3, and 2, but not for the 7, 1, or last 3-repetition subsets. An explanation for the lack of significance with the full data set and last 3-repetition subset may be that there is more incompletely compensated motion at the last repetition confounding any analysis that included this last repetition. Similarly, the first subset would be expected to be noisy in isolation. Tract-based MD was lower on the left only for the 7, 6 and 3-repetition datasets. Finally, tract length was greater on the left only for the 7, 6, 3, and 2-repetition data sets.
• The Dice coefficient analysis showed that larger white matter bundles such as the cingulum were fairly consistent across subsets, whereas the perforant pathway was much less consistent as the number of subsets was reduced (Table 6) . Similarly, this more sensitive comparison shows that the first 3-repetition and last 3-repetition subsets had considerably less overlap than might be expected from their rather similar fiber counts.
Discussion
This is the first in vivo or ex vivo DTI study in humans to demonstrate a contiguous depiction of the perforant pathway in all examined human subjects, as well as to visualize the entire extent of each stage of intrahippocampal and parahippocampal circuitry. It was essential to acquire data at a high isotropic resolution of 1.4 mm and perform image processing to correct for motion and eddy currents while retaining SNR. This important advance may permit interrogation of clinical alterations in MTL circuitry at a level of detail that has not been possible.
Previous attempts have not achieved this goal primarily because of inadequate resolution, and instead these studies have focused on the parahippocampal gyral white matter. One study on the perforant pathway in the elderly utilized markedly anisotropic voxels (0.66 × 0.66 × 4 mm), so rather than performing streamline tractography, the perforant pathway was estimated based on anatomy (Yassa et al., 2010) . A composite metric assessed to what extent tensor ellipsoids followed this estimated pathway, resulting in differences between younger and older individuals. Another study in normal volunteers utilized probabilistic tractography with approximately 2 mm isotropic voxels to identify tracks throughout the parahippocampal gyrus, and they found 3/10 volunteers exhibited parahippocampal-hippocampal connectivity (Powell et al., 2004 ). In our current study, we found 6/6 subjects with such tracks present bilaterally. One study in AD used intervoxel coherence of the parahippocampal gyrus as a surrogate for the perforant pathway utilizing approximately 2.5 mm isotropic voxels; here they identified differences between AD and normal controls in the hippocampus, entorhinal cortex, and perforant pathway zones (Kalus et al., 2006) . Finally, an ex vivo 0.2 mm study on hippocampal specimens demonstrated portions of the perforant pathway that were corroborated by histology (Augustinack et al., 2010) . In this study, they required two steps to track the full extent of the perforant pathway, with a stopping point in the subiculum. One reason that tracks terminated in the subiculum may be that DTI-based streamline tractography could not propagate through a region of crossing fibers. However, our work also utilized DTI-based tractography, and we do find continuous perforant pathway tracks in all subjects. Another contributing difference between our studies is that the histologic DTI necessarily utilizes a small field of view, while our in vivo work has a larger field-of-view. This larger field-of-view may capture contiguous perforant pathway fibers (e.g. from the ERC anterior to the hippocampal head as seen in Fig. 6-2 ) that are not subject to a severe crossing-fiber challenge. A significant challenge to DTI of the hippocampal pathways is the lack of a gold standard for these projections in humans. One ex vivo study of human specimens utilized the diffusible lipophilic tracer DiI to identify connections with the fetal entorhinal cortex; this suggested that the alvear pathway is an important component in addition to the perforant pathway (Hevner and Kinney, 1996) . In our study, we also see both presumed perforant and alvear pathway fibers. Additionally, pathway number four in our study follows the expected trajectories of not only the Schaffer collateral pathway, but also the endfolial pathway, which was also uniquely identified in humans using ex vivo tracing methods (Lim et al., 1997b) . However, mossy fibers are far beyond the resolution of this study (Lim et al., 1997a) .
The number of perforant pathway fibers is lower than expected when compared to other stages of the circuitry; considering the entire area of the ERC, there are fewer fibers emanating from the structure compared to other stages of the circuitry and many fewer than may be expected. This may be due to the known challenge of crossing fibers because perforant pathway axons penetrate the subiculum en route to the hippocampus. Along these lines, pathway depictions in this study primarily involve the anterior hippocampus, possibly because these elements of the circuitry involve the least number of fiber crossings. Another source of uncertainty is the observation that the subiculum and CA 1, like the remainder of the neocortex, both demonstrate a significant fractional anisotropy and orientation, best seen ex vivo (Ozarslan et al., 2009; Shepherd et al., 2007) . We see this anisotropy in our imaging data (Figs. 3, 4(B) and (D)), further evidence of the fine detail evident in this study. It is unclear if this cortical anisotropy reflects cellular and/or axonal orientation, and tractography is hence limited by this uncertainty. Future studies utilizing tractography that can resolve crossing fibers may prove beneficial for both in vivo and ex vivo studies. Finally, in this study we were unable to image fully the hippocampal tail because of limitations on the number of slices that can be acquired in the axial plane with our desired high SNR. While we do see a suggestion of the expected connections between the lateral entorhinal cortex and the posterior hippocampal body (Witter et al., 1989) , future work imaging the whole hippocampus may allow for a more detailed interrogation of this pathway.
In this experiment, a region of interest analysis showed that FA was higher and MD lower on the left side. Our FA and MD values are similar to those reported in the literature, though our MD measurements are at the lower end (Müller et al., 2006) . This difference may be due to less partial voluming with CSF in our work because of the higher resolution. Similarly, tract-based MD was lower and the tract length was longer on the left side. Finally, while a group level comparison of fiber counts did not demonstrate more tracks on the left compared to the right side, assessing the ratio of left to right proved to be significant. The ratio may be more sensitive because it controls for variations in the baseline number of fibers between pathways. At the same time, the ratio may be very susceptible to noise; the 1-repetition subset Fig. 6-2 . Perforant pathway between the entorhinal cortex and CA3DG, CA 1, and SRLMHS. Perforant pathway fibers should project through the subiculum (which is also shown but is neither a seed nor a target for this pathway), while the alvear path fibers should extend around the hippocampus.
analysis had a p-value unexpectedly close to the 7-repetition analysis. Similarly, the tract-based measures were present inconsistently when analyzing data subsets, implying a similarly high variance in these measures. Nevertheless, all of these findings may reflect a property of the tensor ellipsoids: they may be more coherent and/or strongly oriented along the steps of MTL circuitry in a lateralized manner across a group of subjects. Considering that this study examined a right-handed cohort of normal volunteers, this suggests a correlation with language lateralization. This left-right asymmetry has been observed for FA as a similarly small effect in the hippocampus, though MD did not follow in the same direction (Müller et al., 2006) . Similar entorhinal left-right differences in MD have also previously been reported (Rose et al., 2006) . Forniceal differences have not been clearly identified in normals (Malykhin et al., 2008) , though in our study we only had limited visualization of the fornix. The asymmetry we observe in this study is mild and only at a group level. Nevertheless, there remains a chance that lateralizing abnormalities in groups of patients will be apparent with this technique, though the sample size of our study is admittedly small. This work involves an extremely detailed segmentation of the medial temporal lobe. The diffusion-weighted images displayed sufficient isotropic resolution and contrast to discern hippocampal substructure. This enabled us to fully segment the subfields of the hippocampal head and body, a feat previously accomplished only ex vivo (Yushkevich et al., 2009 ) and in one other in vivo study (Van Leemput et al., 2009 ). The segmentation was performed on the diffusion-weighted images themselves, so there are no issues of misalignment that can take place if segmentation is performed on structural images. For the same reason, however, this segmentation is not volumetric because distortions still exist in EPI data. Some limitations do exist in our ability to segment. In particular, CA 2 is difficult to define on serial sections in anatomic atlases, so it was approximated as part of CA 3. The dentate gyral projections to CA 3 are a target we did not assess because of the difficulty in discriminating the dentate gyrus from CA 3 with in vivo imaging.
For any method of tractography, it is critical to have high quality diffusion-weighted data, but DTI utilizing EPI is plagued by many sources of artifacts, which is further complicated by the fact that methods of artifact reduction often reduce SNR. Eddy-current artifacts can obfuscate tractography, so we have employed a variant of an established eddy-current correction algorithm (Rohde et al., 2004) to achieve a precise image registration. Our algorithm registers to the iso-DWI, which facilitates alignment between images with similar contrast. Additionally, we separate eddy-current correction from motion correction so that fewer variables are optimized simultaneously. However, our method is suitable only for minimal motion between acquisitions because motion can disrupt the eddy-current correction process and vice-versa. Our future work will include a more formal unification of both methods of eddy-current correction that will have more general applicability. Apart from eddy currents, echo-planar distortion can obscure visualization of the temporal lobes, and secondary distortion can be left-right asymmetric because of variable pneumatization of the petrous apices. Some work has pursued coronal plane imaging with a small field of view to minimize distortions, though it becomes challenging to have contiguous slices with this approach and consecutive interleaves are required (Salmenpera et al., 2006) . In our work, we have chosen to preserve SNR, minimize ghosting, and keep distortion left-right symmetric by using conventional axial-plane imaging with the phase-encode axis anterior-posterior. We employ complex averaging to minimize the impact of Rician noise that can contaminate images with low underlying SNR, but limit the impact of phase cancellations with an appropriate threshold for complex averaging. We accelerate by a factor of two in this study, and the g-factor related SNR loss is ameliorated by the significant shortening of the TE. Further parallel acceleration would reduce distortions and further improve asymmetry, but the TE benefit would be minimal, and SNR and the ability to image at high spatial resolution would be compromised. Our future work will incorporate methods to correct EPI distortions that are still present with parallel imaging (Embleton et al., 2010) . This will facilitate a direct registration of structural images with DTI, enabling easier or even semiautomatic segmentation of the MTL (Yushkevich et al., 2010) .
To evaluate the sensitivity of this method to noise, we analyzed subsets of the data, which showed an expected reduction in fiber counts. This suggests that these tracks arise from something other than noise. One could speculate that the tract parameters we measure are reflective of tissue connectivity; however, without a gold standard, this claim is difficult to substantiate. While the tracks appear to reflect the known anatomy, caution in interpretation is still appropriate. For example, tracks 3, 4, and 5 all demonstrate some fibers arcing too far forward anteriorly, which are likely to be false-positives. This could be ameliorated by imposing more tractography constraints including exclusion zones and waypoints. However, for the purpose of this study we sought to minimize the ROIs to enable the tracking algorithms to be guided by the tensor field, not anatomic constraints. While some false-positives are evident, this depiction does provide a better sense of the noise in generating the pathways. This limitation with false-positives exists for any streamline approach because tractography has yet to be conclusively proven. Other approaches include bootstrap techniques that account for noise across multiple repetitions and compute confidence measures of connectivity (Jones, 2003) . Probabilistic tractography employs thousands of iterations coupled with randomization in a Monte-Carlo approach to estimate the probability of connectivity (Parker et al., 2003) . These analysis methods may have benefits in quantifying differences between normal and diseased states, and our future work will investigate their applicability.
Clinical protocols need to be efficient for practicality, and 1 h of diffusion imaging may not be feasible. However, the SNR for three or four repetitions of this study would be approximately 19 and 22, respectively, keeping in line with the minimum requirements for SNR in DTI studies (Jones and Leemans, 2011) . A subtle left-right difference in tractography parameters, however, is not consistently observed with less than the full set of repetitions of our data set. Similarly, for the perforant pathway, the Dice coefficients dropped substantially when using three repetitions. The number of repetitions needed may depend on the suspected differences in FA, MD, or other track parameters for the clinical question.
Conclusion
In this study, we have used advanced diffusion MRI acquisition and data processing techniques to create detailed maps of medial temporal lobe architecture. Tractography demonstrates pathways that closely parallel connectivity known to be present in animal studies. There is promise for this methodology in clinical applications involving mesial temporal pathology, particularly in clinical scenarios where disruption of pathways due to cell loss is suspected. Detecting such abnormalities may improve clinical diagnoses and facilitate the development of interventions.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.neuroimage.2012.05.065.
